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Abstract 

Rationale Binocular rivalry occurs when different images 
are simultaneously presented to each eye. During continual 
viewing of this stimulus, the observer will experience 
repeated switches between visual awareness of the two 
images. Previous studies have suggested that a slow rate of 
perceptual switching may be associated with clinical and 
drug-induced psychosis. 
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Objectives The objective of the study was to explore the 
proposed relationship between binocular rivalry switch rate 
and subjective changes in psychological state associated 
with 5 -HT 2 a receptor activation. 

Materials and methods This study used psilocybin, the 
hallucinogen found naturally in Psilocybe mushrooms that 
had previously been found to induce psychosis-like 
symptoms via the 5-HT 2A receptor. The effects of psilo- 
cybin (215 |ag/kg) were considered alone and after 
pretreatment with the selective 5-HT 2A antagonist ketan- 
serin (50 mg) in ten healthy human subjects. 

Results Psilocybin significantly reduced the rate of binoc- 
ular rivalry switching and increased the proportion of 
transitional/mixed percept experience. Pretreatment with 
ketanserin blocked the majority of psilocybin’s “positive” 
psychosis-like hallucinogenic symptoms. However, ketan- 
serin had no influence on either the psilocybin-induced 
slowing of binocular rivalry or the drug’s “negative-type 
symptoms” associated with reduced arousal and vigilance. 
Conclusions Together, these findings link changes in 
binocular rivalry switching rate to subjective levels of 
arousal and attention. In addition, it suggests that psilocy- 
bin’s effect on binocular rivalry is unlikely to be mediated 
by the 5-HT 2A receptor. 

Introduction 

The search for the neural correlates of consciousness is 
becoming increasingly focused on visual illusions that can 
be used experimentally to manipulate conscious awareness. 
One of the most notable examples is binocular rivalry, a 
visual phenomenon that results when two different images 
are presented simultaneously to the left and right eye 
(Wheatstone 1838). Under these conditions, the observer 
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will experience repeated switches between awareness and 
suppression of the two “rivaling” images. For example, if 
vertical gratings are presented to one eye and horizontal 
gratings are presented to the other eye, the viewer will 
generally report seeing either only vertical or only 
horizontal gratings. Interestingly, one image will not 
dominate indefinitely, but the two images alternate their 
dominance every few seconds. Although the dominance is 
often complete, the transition between competing percepts 
can involve periods of mixed percept where a dynamic 
patchwork of horizontal and vertical gratings is perceived 
(for review, see Blake and Logothetis 2002; Tong et al. 
2006). 

To date, binocular rivalry has been used primarily as a 
tool to investigate the physiological processes underlying 
consciousness and the factors influencing perceptual group- 
ing and awareness. However, there is increasing evidence 
that binocular rivalry may also reflect brain processes 
involved in determining more global aspects of conscious 
state. Changes in perceptual switch rate are now associated 
with clinical psychosis (Leonard et al. 2001; Miller et al. 
2003; Pettigrew and Miller 1998), drug-induced altered 
states of consciousness (Carter et al. 2005b; Frecska et al. 
2004), and meditation (Carter et al. 2005c). Previous rivalry 
studies have used functional imaging (Lee et al. 2005; 
Lumer et al. 1998; Tong and Engel 2001) and electrophys- 
iological recording techniques (Leopold and Logothetis 
1996; Sheinberg and Logothetis 1997) to identify neuronal 
activity that correlates with perceptual awareness. In 
contrast, this study employs a pharmacological approach 
to investigate the role of serotonin receptors in driving 
perceptual switches and the relationship between switch 
rate and an individual’s psychological state. 

Despite the growing evidence for an association between 
rivalry switching rate and subjective changes in conscious 
state, none of the current “mutual inhibition” models 
address this issue. These models generally propose that 
groups of neurons associated with the two rivalry percepts 
will directly suppress each other through mutual inhibitory 
connections. Over time, the dominant neurons will 
“fatigue”, and their inhibitory effects will be reduced, 
resulting in a switch in perceptual dominance (Blake and 
Logothetis 2002; Wilson 2004; Wilson et al. 2001). Such 
models, which consider the influence of local neural 
interactions and some global variations in neurotransmitter 
levels, are able to account for a number of the psychophys- 
ical characteristics of binocular rivalry. They fail, however, 
to predict any clear association between switch rate and 
more global changes in conscious state. In contrast, one 
model that attempts to account for this link proposes that 
perceptual switches characteristic of all forms of rivalry are 
driven by large fluctuations in brainstem activity and 
associated neurotransmitter release (Pettigrew 2001). Spe- 


cifically, this model suggests an integrated role for a number 
of brainstem nuclei encompassing regions such as the raphe 
nuclei, the ventral tegmental area, and the locus coeruleus, 
each of these nuclei being responsible for the respective 
release of serotonin (5-HT; Jacobs and Azmitia 1992), 
dopamine (Dahlstrom and Fuxe 1964), and noradrenalin 
(Foote et al. 1983). It is proposed that abnormal functioning 
of these brainstem nuclei may underlie symptoms of 
psychosis and disrupt the timing of oscillatory networks 
involved in binocular rivalry switching (Pettigrew 2001). 

Psilocybin, the main psychoactive compound found in 
Psilocybe “magic” mushrooms, provides an opportunity to 
investigate this model from a pharmacological perspective 
because it is known to induce profound transient changes in 
conscious state. Psilocybin is known to alter sensory 
processing (Carter et al. 2004; Vollenweider et al. 2007), 
cognitive function (Carter et al. 2005a; Hasler et al. 2004; 
Wittmann et al. 2007), and to induce mystical-type 
experiences (Griffiths et al. 2006). Due to this capacity to 
drastically alter perceptual and cognitive processing, hallu- 
cinogens have proven to be a valuable tool with which to 
investigate the pharmacological mechanisms underlying 
different clinical symptoms in both human (Gouzoulis- 
Mayfrank et al. 1998; Umbricht et al. 2003; Vollenweider 
and Geyer 2001; Vollenweider et al. 1998) and animal 
models of psychosis (Beique et al. 2007; Gonzalez-Maeso 
et al. 2007; Lambe and Aghajanian 2007; Weisstaub et al. 
2006). 

Like other hallucinogens, anesthetics, and antipsychotic 
medications, the subjective effects of psilocybin are 
believed to result from its ability to functionally mimic 
endogenous neurotransmitters at specific receptor sites. 
Specifically, psilocin (4-hydroxy- V,V-dimethyltryptamine), 
the pharmacologically active metabolite of psilocybin, is 
believed to act primarily through the 5 -HT 2 a receptor for 
which it shows high affinity ( K—6 nM). Psilocin also 
shows some affinity for the 5-HT 1A (^=49 nM; McKenna 
et al. 1990) and 5-HT 2 c receptors (Blair et al. 2000); 
however, the role of these receptors is still unclear (for 
review, see Nichols 2004). 5-HT 2A receptors are located 
predominantly on the apical dendrites of pyramidal cells of 
the cortex (Jakab and Goldman-Rakic 1998), with activa- 
tion of these receptors leading to increased cortical activity 
believed to be driven by glutamatergic excitatory postsyn- 
aptic potentials, particularly in layer V (Aghajanian and 
Marek 1997). This effect is most pronounced in the frontal 
cortex (Vollenweider et al. 1997) where there is an 
increased density of 5-HT 2A receptors as compared to more 
posterior regions (Wong et al. 1987). In contrast, 5-HT 1A 
receptors serve an inhibitory function and are highly 
expressed presynaptically in the raphe nucleus of the 
brainstem (Sotelo et al. 1990). Small concentrations of 
postsynaptic 5-HT 1A receptors also have been identified in 
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the hippocampus (Hamon et al. 1990) and in prefrontal 
cortex (PFC; Pazos and Palacios 1985). The primary effect 
of 5-HT 1A activation, however, is to reduce raphe cell firing 
rate and decreased 5-HT release from the terminal projec- 
tion fields throughout the cortex (Aghajanian and Hailgler 
1975; Sprouse and Aghajanian 1986). 

On the basis of the known properties of psilocybin and 
the nature of the proposed brainstem oscillator described 
above, it was predicted that the inhibition of 5-HT release 
from the raphe nucleus, in combination with an increase in 
cortical activation induced by psilocybin, would reduce the 
relative influence of the brainstem nuclei and cause rivalry 
alternations to become slower and less regular. Confirming 
these predictions, psilocybin was found dose-dependently 
to reduce the rate of binocular rivalry switching in a manner 
reflecting the subjective changes in conscious state (Carter 
et al. 2005b). This result was consistent with the finding 
that the hallucinogenic A, A- d i m ethy 1 try p tarn in e (DMT)- 
containing brew ayahuasca significantly slowed the rate of 
rivalry switches (Frecska et al. 2004), and an incidental 
observation that rhythmicity of binocular rivalry alter- 
nations was greatly increased 10 h after the reported 
consumption of lysergic acid diethylamide (Carter and 
Pettigrew 2003). 

5-HT 2 a receptor activation has generally been consid- 
ered to be the main factor contributing to the hallucinogenic 
properties of psilocybin (Nichols 2004; Vollenweider et al. 
1998). Confirming this assumption, specific neural and 
signaling mechanisms proposed to be responsible for 
hallucinogenic effects were recently identified and linked 
to these cortical 5-HT 2A -receptor-regulated pathways 
(Gonzalez-Maeso et al. 2007). To determine whether the 
5-HT 2A receptor was similarly involved in psilocybin’s 
effect on binocular rivalry, this study used pretreatment 
with the selective 5-HT 2A antagonist ketanserin ( K = 
2.6 nM; Richelson and Souder 2000). Ketanserin prevents 
psilocybin activation of the 5-HT 2A receptor and previously 
had been found to block the majority of psilocybin’s 
hallucinogenic effects (Vollenweider et al. 1998). This 
study aimed to investigate whether psilocybin’s slowing 
of binocular rivalry switching would be similarly blocked 
by ketanserin or if the changes in perceptual rhythms could 
be dissociated from the drug induced “psychosis-like” 
psychological changes. 

The study involved ten healthy human subjects being 
tested under four drug conditions: placebo; psilocybin 
(215 |ug/kg); ketanserin (50 mg); and psilocybin plus 
ketanserin. Binocular rivalry was induced by presenting 
vertical and horizontal gratings to the subject’s left and 
right eye, respectively. Perceptual switching patterns were 
measured 45 min before and at 30, 60, 90, 135, 180, 240, 
300, 360, and 420 min after psilocybin/placebo intake. The 
adjective mood rating scale (AMRS) and the altered states 


of consciousness rating scale (5D-ASC) were used to assess 
changes in subjective experience. 

Materials and methods 

This study was approved by the Ethics Committee of the 
University Hospital of Psychiatry, Zurich, and the use of 
psilocybin was authorized by the Swiss Federal Office of 
Public Health, Bern. 

Subjects and dosing 

Ten healthy volunteers (six men, four women) aged 21 to 
31 years (mean±SD=26.0±2.3) were recruited from the 
local university and technical college. All subjects had 
normal or corrected to normal vision and were healthy 
according to medical history, clinical examination, electro- 
cardiography, and blood analysis. They also were deemed 
by psychiatric interview to have no personal or family 
(first-degree relatives) history of major psychiatric disorders 
or evidence for alcohol or substance abuse. Five of the 
participants reported previous experience with psilocybin 
through the ingestion of psilocybe mushrooms; the other 
five were psilocybin-naive. Subjects were reimbursed for 
their time and were free to withdraw from the study at any 
time. 

The psilocybin (215 jug/kg), ketanserin (50 mg), and 
lactose placebo were administered in gelatine capsules of 
identical appearance. The 215-qg/kg dose of psilocybin 
was chosen because the subjective effects induced by this 
dose were previously shown to be effectively blocked by 
ketanserin pretreatment (Vollenweider et al. 1998) and 
because it was intermediate between the two doses of 
psilocybin used in the original binocular rivalry study 
(Carter et al. 2005b). In contrast to the 40-mg dose of 
ketanserin used by Vollenweider et al. (1998), 50 mg of 
ketanserin was chosen for the current study because 40 mg 
of ketanserin was found to cause significant, but not total, 
blockade of psilocybin’s effects. It was anticipated that a 
slightly higher dose might result in a more complete 
reduction of subjective effects. 

Psilocybin was obtained through the Swiss Federal 
Office of Public Health. Capsules of psilocybin (1 and 
5 mg) and ketanserin (50 mg) were prepared at the 
pharmacy of the Cantonal Hospital of Aarau, Switzerland, 
and quality was assured by tests for identity, purity, and 
uniformity of content. 

Binocular rivalry 

Stationary green vertical and horizontal gratings were 
presented to the subject’s left and right eye, respectively, 
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using liquid crystal goggles. Viewed from a distance of 
60 cm, the gratings had a duty cycle of 0.33 (one third 
green two thirds black) and a spatial frequency of 
1.5 cycles/degree of visual angle. The entire rivalry patch 
was presented as a disc that subtended 4° of visual angle. 
These stimulus parameters were chosen for maximum 
clarity and reportability for naive subjects and are the same 
as those described in Carter et al. (2005b). 

Responses were recorded on a keyboard with two raised 
buttons, one with a ridge aligned perpendicular to the 
observer (vertical) and the other running from left to right 
(horizontal). Subjects were instructed to focus only on the 
orientation of the gratings and report their respective 
predominance by pushing the appropriate button. If a 
mixed percept of the two orientations was experienced, 
either as a grid or a patchwork combination of the two 
gratings, they were instructed to press a third flat button. In 
contrast to the previous binocular rivalry study (Carter et al. 
2005b), subjects were instructed to report any period of 
mixed percept. This included prolonged periods of transi- 
tion between the exclusive dominance of either of the 
respective percepts. Data were collected in a single block 
consisting of 4*60-s trials, with a 30-s break between each 
trial. 

Before each binocular rivalry session, subjects were 
presented with a 1-min movie of simulated rivalry to ensure 
that subjects were capable of reporting their visual 
experiences accurately during drug-altered states. This 
“catch trial movie” consisted of the sequential presentation 
of vertical or horizontal gratings to both eyes. The grating 
images, identical to those used during the binocular rivalry 
condition, were generated using Matlab Psychtoolbox 
(Brainard 1997) and presented for durations of 0.5 to 5 s 
(selected at random using a uniform sampling distribution). 
During the presentation, subjects were given the same 
viewing and reporting instructions as those outlined for 
binocular rivalry. This allowed us to obtain information 
regarding response time and accuracy of response. Despite 
using the identical instructions for the catch trial movie as 
those used for the test period, it should be noted that the 
catch trial movie showed clean switches between vertical 
and horizontal gratings and did not include transition 
periods depicting a mixed state. Four different versions of 
the catch trial movie sequence were used in a randomized 
order. 

Psychological ratings 

The German version of the AMRS (Janke and Debus 1978) 
and the altered state of consciousness (5D-ASC) rating 
scale (Dittrich 1998) were used to assess the subjective 
effects under placebo and psilocybin, in line with previous 
studies (Hasler et al. 2004; Vollenweider et al. 1997). 


The AMRS consists of 60 adjectives representing 
different mood states. Subjects were instructed to rate the 
extent to which each adjective was applicable to their 
current mood as: “not at all”, “a little”, “quite” and 
“strongly”. The associated scores were then grouped into 
seven main factors (representative mode states shown in 
italics). (1) Performance-related activity (PRA); efficient, 
active, concentrated. (2) General inactivity (GI); lethargic, 
tired, dazed. (3) Extroversion (EX); extroversion plus 
inverted scores for introversion. (4) General positive mood 
(GPM); self-confidence, heightened mood. (5) Emotional 
excitability (EE); excitability, sensitivity, aggressiveness. (6) 
Anxiety-depressiveness (AD). (7) Dreaminess (DR). 

The 5D-ASC is a visual analogue scale that measures 
alterations in waking consciousness associated with mood, 
perception, experience of oneself and of the environment, 
and cognitive processing. The 5D-ASC consists of 94 
individual statements such as “I heard tones and noises 
without knowing where they came from.” Subjects were 
required to mark their current state along a 100-mm line 
between “No, not more than usual” or “Yes very much 
more than usual.” Each of the 94 items was given a score 
from 0 to 100, reflecting the distance (mm) from the end 
indicating no change. The items and their associated scores 
were then grouped to yield the following five main factors. 
(1) “Oceanic boundlessness” (OB), measures derealization 
and depersonalization accompanied with changes in affect 
ranging from heightened mood to mania-like euphoria and 
alterations in the sense of time. (2) “Anxious ego 
dissolution” (AED) measures ego-disintegration associated 
with loss of self-control, disordered thought, arousal, and 
anxiety. (3) “Visionary restructuralization” (VR) includes 
visual (pseudo-) hallucinations, synesthesia, changed mean- 
ing of percepts, facilitated recollection and imagination. (4) 
“Auditory alterations” (AA) refers to acoustic hallucina- 
tions and distortions in auditory experiences. (5) “Reduc- 
tion of vigilance” (RV) relates to states of drowsiness, 
reduced alertness and impaired cognitive and attentional 
function. 

Experimental design 

The study was double-blind, and the order of dose 
assignment was counter-balanced. For each of the four 
experiment days (separated by at least 14 days), subjects 
were instructed to have a light breakfast before arrival at the 
hospital. Before testing began, blood pressure and heart rate 
were measured and subsequently monitored at hourly 
intervals throughout the day. After baseline “pretesting” of 
binocular rivalry, the ketanserin/placebo capsules were 
administered. Peak plasma levels of ketanserin are gener- 
ally reached within 0.5 to 2 h (Perrson et al. 1991). 
Therefore, to ensure occupancy of the 5 -HT 2 a receptor, the 
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psilocybin/placebo capsules were not administered until 
90 min after the ketanserin. 

Binocular rivalry was measured 45 min before and at 30, 
60, 90, 135, 180, 240, 300, 360, and 420 min after 
psilocybin intake. Because plasma levels of psilocin, the 
active metabolite of psilocybin, peak approximately 105± 
37 min after drug intake (Hasler et al. 1997), the AMRS 
was administered at pretest and again just before the 90-min 
binocular rivalry testing. After the 180-min measure of 
binocular rivalry, subjects were given the 5D-ASC rating 
scale and instructed to rate their experience retrospectively 
since drug intake (0-180 min). 

At pretest and 120 min post-administration, subjects 
were additionally tested on attentional tracking and spatial 
working memory measures. The results from those experi- 
ments have been published elsewhere (Carter et al. 2005a). 
Subjects finished participation in the study approximately 
7 h after psilocybin administration and were examined by 
the principal investigator before being released. 


Results 

Binocular rivalry 

Mean phase duration was calculated as the average duration 
of time (s) that the subject reported uninterrupted domi- 
nance of the respective target. Using a repeated measures 
analysis of variance (ANOVA), significance was found for 
the main effects of drug [F( 3 j 2 7)=6.87; /><0.01] and time 
[F(io,90) = 11.71; /?<0.001; Fig. la]. Subsequent post hoc 
analysis revealed that psilocybin alone and after pretreat- 
ment with ketanserin led to significant increases in phase 
duration after psilocybin at 60, 90, and 135 min (p<0.001). 
At 180 min, only the psilocybin alone condition remained 
significantly greater than placebo (p<0.001). At no time 
point was a significant difference observed between the 
psilocybin alone and psilocybin plus ketanserin conditions. 
Similarly, no significant differences were seen between the 
placebo and ketanserin alone conditions. No effect of time/ 
repeated-testing was observed within either the placebo or 
ketanserin condition. 

With respect to the amount of “mixed” percept reported, 
there was a significant main effect of time [F( 10 ,90) = 5.24; 
/7<0.00 1] and time by dose interaction [F( 3 o 5 270) = l-97; 
/?<0.0 1 ]. Post hoc analysis revealed that psilocybin in- 
creased the proportion of mixed percept at 90 and 240 min 
(p<0.01). Psilocybin plus pretreatment with ketanserin led 
to a significant increase at 135 min (p< 0.05; Fig. lb). 

Key press responses to the catch-trial movie were 
assessed with respect to response accuracy (total number 
of incorrect responses) and response time for each 
individual. Response accuracy was not affected by drug 
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Fig. 1 Drug-induced changes in binocular rivalry for placebo (< dashed 
line), psilocybin {black), psilocybin plus ketanserin {dark gray), and 
ketanserin alone {light gray), a Mean phase duration (time between 
perceptual switches) was significantly prolonged by psilocybin, and 
this effect was not reduced by pretreatment with ketanserin. There was 
no significant difference between placebo and ketanserin alone, b 
Similarly, both psilocybin alone and after pretreatment with ketanserin 
led to significant increases in the proportion of mixed percept grid/ 
patchwork. Significant difference (/?<0.05) from placebo is denoted 
by **’ for psilocybin and ‘f ’ for psilocybin plus ketanserin. Error bars 
represent standard errors of the means 


[F( 3 27)=0.07; p= 0.98] or testing time [F (1 0,90) =0.40; p= 
0.95; Fig. 2a]. Response times did show a significant main 
effect of drug [F( 3 2 7) = 3.73; /><0.05] and time [F(i 0 ,90) = 
5.85; /?<0.0001; Fig. 2b]. However, the response times 
under psilocybin were significantly slower compared to 
placebo only at the 60-min time point (p<0.01). The 
combination of psilocybin and ketanserin led to slower 
response times at 60, 90, 180, and 300 min (p<0.01). There 
was no significant difference between placebo and ketan- 
serin alone at any time point, nor was any difference found 
between time points within the placebo condition. 


Psychological effects 

The subjective effects of the four drug conditions, as 
measured by the AMRS and the 5D-ASC, are illustrated in 
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Fig. 2 Rivalry pretest catch-trial responses for placebo (< dashed line), 
psilocybin {black), psilocybin plus ketanserin {dark gray) and 
ketanserin alone {light gray), a Response accuracy was not signifi- 
cantly affected by either of the four drug conditions, b However, mean 
response time was increased by psilocybin alone and after ketanserin 
pretreatment at a few time points. Significant difference (/?<0.01) 
from placebo is denoted by ‘*’ for psilocybin and ‘f’ for psilocybin 
plus ketanserin. Error bars represent standard errors of the means 


Fig. 3 a and b, respectively. To assess the influence of drug 
condition on the AMRS, difference scores were calculated 
by subtracting pretest values from the 90-min values for the 
seven main factors corresponding to: PRA, GI, EX, GPM, 
EX, AD, and DR. Using these difference scores, significant 
main effects were found for drug [F (3 2 7 ) = 10.28; £><0.001] 
and factor [F( 654 )= 11.85; £><0.00 1]. Tukey’s post hoc 
analysis revealed that compared to placebo, psilocybin 
caused a significant increase in only one of the seven 
factors, DR (£><0.0001). After pretreatment with ketanserin, 
however, three factors showed significant changes (PRA: 
p< 0.01; GE /?<0.0001; DR: £><0.0001). Comparing the 
psilocybin alone condition with the psilocybin after 
ketanserin pre-treatment condition, no significant differ- 
ences were observed for PRA, EX, EE, AD, and DR; 
however, significant differences were seen for two factors 
(GI: £><0.05; GPM: £><0.05). There was no difference 
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Fig. 3 Subjective effects experienced during placebo {white), psilo- 
cybin {black), psilocybin with ketanserin {black/gray stripes), and 
ketanserin alone {gray), a Change in scores for the AMRS from 
pretesting for the seven main factors: performance-related activity, 
general inactivity, extroversion, general positive mood, emotional 
excitability, anxiety-depressiveness, and dreaminess, b Results from 
the ASC questionnaire shown as the percentage of the total possible 
score for each of the five main factors: oceanic boundlessness, anxious 
ego dissolution, visionary restructuralization, auditory alterations, and 
reduced vigilance. Psilocybin caused significant changes, compared to 
placebo, in all factors except for auditory alterations. After pretreat- 
ment with ketanserin, the subjective effects of psilocybin were largely 
blocked, with only reduced vigilance remaining significantly elevated 
above placebo. The scores for placebo are not represented because they 
remained at zero for all five factors (signifying no change relative to 
normal), c The degree to which psilocybin slowed down the binocular 
rivalry phase duration was significantly correlated with the reduction 
in vigilance. The individual data points represent the corresponding 
changes, relative to placebo, for all ten participants, d The same 
positive relationship was seen for the effect of psilocybin plus 
ketanserin, relative to placebo, although this correlation was not 
significant. Significant difference (£<0.05) from placebo is denoted 
by ‘*’ for psilocybin and ‘f’ for psilocybin plus ketanserin, while 
differences between psilocybin alone and after ketanserin pretreatment 
are signaled by ‘J’. The error bars represent standard errors of the 
means 
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between placebo and ketanserin alone for any of the seven 
factors. 

Scores for the 5D-ASC rating scale correspond to the 
five major factors: OB, AED, VR, AA, and RV. Using a 
repeated measures ANOVA, significant main effects 
were found for drug [fy 3 2 i) = 18.15; p< 0.001] and factor 
[*( 4 . 28 ) 11.22; p <0.001]. Tukey’s post hoc analysis 
revealed that compared to placebo, psilocybin caused a 
significant increase in four of the factors (OB: /><0.001; 
AED: ^<0.001; VR: /><0.001; RV: <0.05). After 

pretreatment with ketanserin, the subjective effects of 
psilocybin were largely blocked with only RV remaining 
significantly effected (p<0.001). Comparing the psilocybin 
alone condition with the psilocybin after ketanserin pre- 
treatment condition, no significant differences were ob- 
served for RV or AA; however, significant differences were 
seen for the other three factors (OB: /><0.001; AED: 
^><0.05; VR: ^<0.001). Ketanserin alone caused no 
significant subjective effects. Please note that some of the 
results from the 5D-ASC rating scale described here, and 
illustrated in Fig. 3b, were reported in a previous 
publication describing measures of attentional tracking 
and spatial working memory performance that were taken 
during the course of the current experimental session 
(Carter et al. 2005a). 

One key finding from these results is that ketanserin 
pretreatment was unable to block either psilocybin’s slow- 
ing of binocular rivalry or the psychological effect pertain- 
ing to reduced arousal and vigilance. While these results are 
suggestive of a relationship between rivalry rate and levels 
of arousal/attention, it is not clear if this trend can also be 
seen at the level of individual subjects. To investigate this 
question, we plotted increases in binocular rivalry phase 
duration (relative to placebo at the 90 min time point) 
against changes in RV score from the 5D-ASC rating scale. 
Figure 3c shows that binocular rivalry slowed down the 
most in individuals that reported the greatest reduction in 
vigilance ( r =0.61, p<0.05, df=%) in the psilocybin alone 
condition. A similar relationship was seen in the psilocybin 
plus ketanserin condition (Fig. 3d); however, this effect did 
not reach significance (r 2 =0.27). 

Discussion 

The main findings of this study were that “hallucinogenic” 
levels of the mixed 5 -HT 1a/2 a agonist psilocybin signifi- 
cantly slowed the rate of perceptual switching and 
increased the proportion of time experiencing the mixed/ 
transitional percept during binocular rivalry. Neither of 
these effects was reduced by pretreatment with the 5-HT 2A 
antagonist ketanserin despite the fact that ketanserin 
pretreatment blocked the majority of psilocybin’s subjective 


psychological effects. The lack of difference between 
rivalry rate for the psilocybin alone and ketanserin 
pretreatment conditions indicates that the slowing of the 
rivalry is unlikely to be mediated by the 5-HT 2A receptor 
population involved in psilocybin’s subjective effects. 

The apparent lack of involvement of the 5-HT 2A receptor 
was contrary to our expectations, as it stood in contrast to 
current opinion (for review, see Nichols 2004) and recent 
evidence suggesting that indole hallucinogens such as 
psilocybin primarily act through the 5-HT 2A receptor 
(Gonzalez-Maeso et al. 2007). Psilocybin has greater 
affinity for the 5-HT 2A receptor compared to the 5-HT 1A 
receptor (McKenna et al. 1990), and the subjective effects 
of psilocybin were previously shown to be blocked by the 
5-HT 2A antagonist ketanserin (Vollenweider et al. 1998). 
Reconciliation of our results with this clear emphasis on the 
5-HT 2A receptor as the biological target for psilocybin 
appears to lie in a slight difference in the rating scale used 
in the current study. The version of the 5D-ASC rating scale 
used here included an additional two measures compared to 
the scale reported in the study by Vollenweider et al. 
(1998). Consistent with previous results, we found that 
ketanserin pretreatment blocked the influence of psilocybin 
on the three core dimensions: OB — relating to mania-like 
symptoms; AED — associated with general anxiety; and 
VR — a measure of visual distortions and hallucinations. 
However, RV — a dimension pertaining to reduced levels of 
vigilance and arousal that was added to the more recent 
version of the 5D-ASC — was unaffected by ketanserin 
pretreatment. This result was mirrored by those of the 
AMRS, which found that psilocybin after pretreatment with 
ketanserin was associated with a reduction in PRA and 
increases in reported levels of GI and DR. These selective 
effects on subjective reports of reduced vigilance, concen- 
tration, activity and increased dreaminess are consistent 
with objective psychophysical measures obtained from the 
same subjects, showing that psilocybin, both alone and after 
pretreatment with ketanserin, impaired attentional tracking 
performance (Carter et al. 2005a). 

Taken together, these results suggest that it may be 
possible to separate the “positive” psychosis-like effects 
(i.e., delusion, manic grandiosity, synesthesia, visual 
distortions/ hallucinations, disturbed self-image) from the 
“negative” symptoms associated with apathy and a reduc- 
tion in general levels of arousal and attention. Although 
there do not appear to be any significant effects of 
ketanserin alone, it is interesting that ketanserin appears to 
potentiate the effects of psilocybin in some of the 
psychological ratings (RV, PRA, GI). It is possible that a 
more sensitive measure of psychological effects and 
perceptual switch rate may have identified subtle differ- 
ences between the two conditions. Therefore, it is possible 
that pretreatment with ketanserin may have exaggerated or 
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altered psilocybin’s actions, either through its action on the 
5 -HT 2 a receptor or other yet to be identified mechanisms. 
Similarly, because participants in the study were not given a 
urine screen on assessment days, it is impossible to rule out 
an involvement of other substances of abuse. However, 
given that the drug effects were seen consistently across all 
participants, it seems unlikely that the results reflect the 
undisclosed use of prescription or illicit substances by 
individual participants. 

These results have some clear clinical implications. 
Previously, it has been reported that binocular rivalry 
switching rate is significantly altered in individuals with 
schizophrenia and bipolar disorder compared to healthy 
control populations (Leonard et al. 200 1 ; Miller et al. 2003 ; 
Pettigrew and Miller 1998). Therefore, it was predicted that 
in addition to blocking all of the “psychosis-like” effects of 
psilocybin, ketanserin pretreatment would similarly block any 
psilocybin-induced changes to the binocular rivalry rate. The 
finding that ketanserin had no effect on rivalry rate went 
against expectations. In contrast, the results of this study 
suggest that binocular rivalry rate may be more associated 
with the “negative” symptoms of psychosis related to arousal 
and attentional dysfunction than with the “positive” symptoms 
of these conditions. Interestingly, some visual deficits such as 
reduced contrast sensitivity and increased visual backward 
masking also have been linked to negative rather than positive 
symptoms of schizophrenia (Cimmer et al. 2006; Slaghuis 
2004). Therefore, further comparison of the visual deficits 
induced by psilocybin and those observed in clinical 
populations may help uncover the pharmacological processes 
underlying these symptom-specific effects. 

Selective blockade of the 5 -HT 2 a receptor had no 
measurable influence on psilocybin’s slowing of binocular 
rivalry rate, suggesting a possible involvement of other 
receptors. One of the most obvious candidates is the 5-HT 1A 
receptor. Although it is possible that the 5-HT 2C receptor is 
also involved (Blair et al. 2000), virtually nothing is known 
of the role of this receptor in the effects of psilocybin or any 
other hallucinogen. In contrast, the 5-HT 1A receptor was 
recently found to mediate some of the effects of another 
serotonergic hallucinogen, 5-MeO-DMT (Krebs-Thomson et 
al. 2006), and this receptor is known to be activated by 
psilocin, the active metabolite of psilocybin (Blair et al. 
2000; McKenna et al. 1990). Although the lack of 
involvement of the 5-HT 2A receptor does not prove a direct 
contribution of the 5-HT 1A receptor, this possibility is 
consistent with predictions made about the role of the raphe 
nuclei and other brainstem structures in rivalry switching 
(Pettigrew 2001). Before any firm conclusions can be drawn, 
however, the involvement of the 5-HT 1A receptor must be 
tested directly with a selective agonist/antagonist. Of course, 
even if future research can demonstrate a direct role of the 5- 
HT 1A receptor it will be important to determine whether the 


relevant factor is the timing of raphe activity, the reduction in 
5-HT released into the cortex, or the result of any number of 
different downstream processes associated with other neuro- 
transmitter systems or intercellular processes. Although we 
believe that the 5-HT 1A receptor is one of the most likely 
candidates in the effects shown here, there is no expectation 
of exclusive involvement of this receptor in the slowing of 
binocular rivalry switch rate. To the contrary, our main claim 
is that the binocular rivalry switch rate appears to be linked 
to levels of arousal and attentional function. Therefore, 
rivalry rate should be sensitive to any pharmacological 
compounds, which selectively influence these factors. For 
example, the anti-glutamatergic hallucinogen (A)-ketamine 
was recently found to be associated with greater “negative” 
psychosis-like symptoms, whereas the 5-HT 2A hallucinogen 
DMT was found to be associated with relatively greater 
“positive” psychosis-like effects (Gouzoulis-Mayfrank et al. 
2005). On the basis of this finding, we would predict that 
(A) -ketamine may result in even greater slowing of binocular 
rivalry switch rate than that caused by equivalent doses of 
psilocybin or DMT. 

One obvious concern with the apparent association 
between reduced rivalry rate and reductions in arousal and 
vigilance is the possibility that any inappropriate button 
response or substantial reduction in reaction time may 
impair performance and result in “missed” switches. This 
seems unlikely, however, given that subjects showed no 
increase in the percentage of incorrect responses during the 
pretest “catch trial movie” and only a minor increase 
(0.18 s) in response time compared to placebo at only 1 of 
the 11 testing times under the psilocybin condition. 
Furthermore, in addition to the changes in rivalry switch 
rate, there were also qualitative differences reported, with 
an increase in the proportion of time subjects experienced 
the mixed/transitional state of “cross-hatch” or “patchwork” 
rivalry. This finding is unlikely to result from a general 
slowing of response times. Rather, it appears that the entire 
switching process was affected by psilocybin, with a 
prolongation of both the periods of exclusive dominance 
and the periods of transition. Together with recent psycho- 
physical evidence highlighting a clear role of attention in 
binocular rivalry (Chong et al. 2005; Mitchell et al. 2004; 
Paffen et al. 2006), these results suggest that future studies 
combining both pharmacological and psychological manip- 
ulations of attention may provide some much needed 
insight into the neural mechanisms by which attention can 
influence conscious perception. 

Acknowledgments The authors would like to thank David Nichols 
for critical comments on the manuscript. This investigation was 
financially supported by the Heffter Research Institute, Santa Fe, New 
Mexico, USA, a National Alliance for Research on Schizophrenia and 
Depression (NARSAD) grant to F. Hasler, and a Stanley Foundation 
grant to J. D. Pettigrew. 


<£) Springer 


Psychopharmacology (2007) 195:415-424 


423 


References 


Aghajanian GK, Hailgler HJ (1975) Hallucinogenic indoleamines: 
preferential action upon presynaptic serotonin receptors. 
Psychopharmacol Commun 1:619-629 
Aghajanian GK, Marek GJ (1997) Serotonin induces excitatory 
postsynaptic potentials in apical dendrites of neocortical pyramidal 
cells. Neuropharmacology 36:589-599 
Beique JC, Imad M, Mladenovic L, Gingrich JA, Andrade R (2007) 
Mechanism of the 5 -hydroxy tryptamine 2 A receptor-mediated 
facilitation of synaptic activity in prefrontal cortex. Proc Natl 
Acad Sci U S A 104:9870-9875 

Blair JB, Kurrasch-Orbaugh D, Marona-Lewicka D, Cumbay MG, 
Watts VJ, Barker EL, Nichols DE (2000) Effect of ring 
fluorination on the pharmacology of hallucinogenic tryptamines. 
J Med Chem 43:4701^1710 

Blake R, Logothetis NK (2002) Visual competition. Nat Rev Neurosci 
3:13-21 

Brainard DH (1997) The psychophysics toolbox. Spat Vis 10:433^136 
Carter OL, Pettigrew JD (2003) A common oscillator for perceptual 
rivalries? Perception 32:295-305 

Carter OL, Pettigrew JD, Burr DC, Alais D, Hasler F, Vollenweider 
FX (2004) Psilocybin impairs high-level but not low-level 
motion perception. Neuroreport 15:1947-1951 
Carter OL, Burr DC, Pettigrew JD, Wallis GM, Hasler F, Vollenweider 
FX (2005a) Using psilocybin to investigate the relationship 
between attention, working memory and the Serotonin 1A&2 A 
receptors. J Cog Neuroscience 17:1497-1508 
Carter OL, Pettigrew JD, Hasler F, Wallis GM, Liu GB, Hell D, 
Vollenweider FX (2005b) Modulating the rate and rhythmicity of 
perceptual rivalry alternations with the mixed 5-HT2A and 5-HT1 A 
agonist psilocybin. Neuropsychopharmacology 30: 1 1 54-1 1 62 
Carter OL, Presti DE, Callistemon C, Ungerer Y, Liu GB, Pettigrew 
JD (2005c) Meditation alters perceptual rivalry in Tibetan 
Buddhist monks. Curr Biol 15:R412-R413 
Chong S, Tadin D, Blake R (2005) Endogenous attention prolongs 
dominance durations in binocular rivalry. J Vis 5:1004-1012 
Cimmer C, Szendi I, Csifcsak G, Szekers G, Ambrus Kovacs Z, 
Somogyi I, Benedek G, Janka Z, Keri S (2006) Abnormal 
neurological signs, visual contrast sensitivity and the deficit 
syndrome of schizophrenia. Prog Neuropsychopharmacol Biol 
Psychiatry 30:1225-1230 

Dahlstrom A, Fuxe K (1964) Evidence for the existence of 
monoamine-containing neurons in the central nervous system. I. 
Demonstration of monoamines in the cell bodies of brain stem 
neurons. Acta Physiol Scand 62:5-55 
Dittrich A (1998) The standardized psychometric assessment of 
altered states of consciousness (ASCs) in humans. Pharmacop- 
sychiatry 31(2):80-84 

Foote SL, Bloom FE, Aston-Jones G (1983) Nucleus locus ceruleus: 
new evidence of anatomical and physiological specificity. 
Physiol Rev 63:844-914 

Frecska E, White KD, Luna LE (2004) Effects of ayahuasca on 
binocular rivalry with dichoptic stimulus alternation. Psycho- 
pharmacolgy 173:79-87 

Gonzalez-Maeso J, Weisstaub NV, Zhou M, Chan P, Ivic L, Ang R, 
Lira A, Bradley-Moore M, Ge Y, Zhou Q, Sealfon SC, Gingrich 
JA (2007) Hallucinogens recruit specific cortical 5-HT(2A) 
receptor-mediated signaling pathways to affect behavior. Neuron 
53:439^152 

Gouzoulis-Mayfrank E, Hermle L, Thelen B, Sass H (1998) History, 
rationale and potential of human experimental hallucinogenic 
drug research in psychiatry. Pharmacopsychiatry 31(2):63-68 
Gouzoulis-Mayfrank E, Heekeren K, Neukirch A, Stoll M, Stock C, 
Obradovic M, Kovar KA (2005) Psychological effects of (S)- 


ketamine and V,V-dimethyltryptamine (DMT): a double-blind, 
cross-over study in healthy volunteers. Pharmacopsychiatry 
38:301-311 

Griffiths RR, Richards WA, McCann U, Jesse R (2006) Psilocybin can 
occasion mystical-type experiences having substantial and 
sustained personal meaning and spiritual significance. Psycho- 
pharmacology (Berl) 187:268-283; discussion 284-92 
Hamon M, Gozlan H, El Mestikawy S, Emerit MB, Bolanos F, 
Schechter L (1990) The central 5-HT1A receptors: Pharmaco- 
logical, biochemical, functional, and regulatory properties. Ann 
N YAcad Sci 600:114-129 

Hasler F, Bourquin D, Brenneisen R, Bar T, Vollenweider FX 
(1997) Determination of psilocin and 4-hydroxyindole-3 -acetic 
acid in plasma by HPLC-ECD and pharmacokinetic profiles of 
oral and intravenous psilocybin in man. Pharm Acta Helv 
72:175-184 

Hasler F, Grimberg U, Benz MA, Huber T, Vollenweider FX (2004) 
Acute psychological and physiological effects of psilocybin in 
healthy humans: a double-blind, placebo-controlled dose-effect 
study. Psychopharmacology 172:145-156 
Jacobs BL, Azmitia EC (1992) Structure and function of the brain 
serotonin system. Physiol Rev 72:165-229 
Jakab RL, Goldman-Rakic PS (1998) 5-Hydroxytryptamine2A serotonin 
receptors in the primate cerebral cortex: possible site of action of 
hallucinogenic and antipsychotic dmgs in pyramidal cell apical 
dendrites. Proc Natl Acad Sci USA 95:735-740 
Janke W, Debus G (1978) Die Eigenshaftsworterliste EWL. 
Handanweisung, Handanweisung 

Krebs-Thomson K, Ruiz EM, Masten V, Mahalah B, Geyer M (2006) 
The roles of 5-HT1A and 5-HT2 receptors in the effects of 
5-MeO-DMT on locomotor activity and prepulse inhibition in 
rats. Psychopharmacology 189:319-329 
Lambe EK, Aghajanian GK (2007) Prefrontal cortical network 
activity: opposite effects of psychedelic hallucinogens and Dl/ 
D5 dopamine receptor activation. Neuroscience 145:900-910 
Lee SH, Blake R, Heeger DJ (2005) Traveling waves of activity in 
primary visual cortex during binocular rivalry. Nat Neurosci 
8:22-23 

Leonard CM, White KD, Marone L, Riccuiti N, Pettigrew JD, Kuldau 
JM (2001) Perceptual alternation, anatomy and cognition in 
schizophrenia. Society for Neuroscience Abstract No. 954.19 
Leopold DA, Logothetis NK (1996) Activity changes in early visual 
cortex reflect monkeys’ percepts during binocular rivalry. Nature 
379:549-553 

Lumer ED, Friston KJ, Rees G (1998) Neural correlates of perceptual 
rivalry in the human brain. Science 280:1930-1934 
McKenna DJ, Repke DB, Lo L, Peroutka SJ (1990) Differential 
interactions of indolealkylamines with 5-hydroxytryptamine 
receptor subtypes. Neuropharmacology 29:193-198 
Miller SM, Gynther BD, Heslop KR, Liu GB, Mitchell PB, Ngo TT, 
Pettigrew JD, Geffen LB (2003) Slow binocular rivalry in bipolar 
disorder. Psychol Med 33:683-692 
Mitchell J, Stoner G, Reynolds J (2004) Object-based attention 
determines dominance in binocular rivalry. Nature 429:410^-13 
Nichols DE (2004) Hallucinogens. Pharmacol Ther 101:131-181 
Paffen C, D. A, Verstraten F (2006) Attention speeds binocular rivalry. 
Psychol Sci 17:752-756 

Pazos A, Palacios JM (1985) Quantitative autoradiographic mapping 
of serotonin receptors in the rat brain. I. Serotonin- 1 receptors. 
Brain Res 346:205-230 

Perrson B, Heykants J, Hedner T (1991) Clinical pharmacokinetics of 
ketanserin. Clin Pharmacokinet 20:263-279 
Pettigrew JD (2001) Searching for the switch: neural bases for 
perceptual rivalry alternations. Brain and Mind 2:85-118 
Pettigrew JD, Miller SM (1998) A ‘sticky’ interhemispheric switch in 
bipolar disorder? Proc R Soc Lond B Biol Sci 265:2141-2148 


<£) Springer 


424 


Psychopharmacology (2007) 195:415^124 


Richelson E, Souder T (2000) Binding of antipsychotic drugs to 
human brain receptors: focus on newer generation compounds. 
Life Sci 68:29-39 

Sheinberg DL, Logothetis NK (1997) The role of temporal cortical 
areas in perceptual organization. Proc Natl Acad Sci USA 
94:3408-3413 

Slaghuis WL (2004) Spatio-temporal luminance contrast sensitivity 
and visual backward masking in schizophrenia. Exp Brain Res 
156:196-211 

Sotelo C, Cholley B, El Mestikawy S, Gozlan H, Hamon M (1990) 
Direct immunohistochemical evidence of the existence of 
5-HT1A autoreceptors on serotoninergic neurons in the midbrain 
raphe nuclei. Eur J Neurosci 2:1144-1154 

Sprouse JS, Aghajanian GK (1986) (-)-Propranolol blocks the 
inhibition of serotonergic dorsal raphe cell firing by 5-HT1A 
selective agonists. Eur J Pharmacol 128:295-298 

Tong F, Engel SA (2001) Interocular rivalry revealed in the human 
cortical blind-spot representation. Nature 411:195-199 

Tong F, Meng M, Blake R (2006) Neural bases of binocular rivalry. 
Trends Cogn Sci 10:502-511 

Umbricht D, Vollenweider FX, Schmid L, Grubel C, Skrabo A, Huber T, 
Roller R (2003) Effects of the 5-HT2A agonist psilocybin on 
mismatch negativity generation and AX-continuous performance 
task: implications for the neuropharmacology of cognitive deficits in 
schizophrenia. Neuropsychopharmacology 28:170-181 

Vollenweider FX, Geyer MA (2001) A systems model of altered 
consciousness: integrating natural and drug-induced psychoses. 
Brain Res Bull 56:495-507 

Vollenweider FX, Leenders KL, Scharfetter C, Maguire P, Stadelmann O, 
Angst J (1997) Positron emission tomography and fluorodeoxy glu- 
cose studies of metabolic hyperfrontality and psychopathology in 


the psilocybin model of psychosis. Neuropsychopharmacology 
16:357-372 

Vollenweider FX, Vollenweider-Scherpenhuyzen MF, Babler A, Vogel H, 
Hell D (1998) Psilocybin induces schizophrenia-like psychosis in 
humans via a serotonin-2 agonist action. Neuroreport 9:3897-3902 
Vollenweider FX, Csomor PA, Knappe B, Geyer MA, Quednow BB 
(2007) The effects of the preferential 5-HT2A agonist psilocybin on 
prepulse inhibition of startle in healthy human volunteers depend on 
interstimulus interval. Neuropsychopharmacology 32:1876-1887 
Weisstaub NV, Zhou M, Lira A, Lambe E, Gonzalez-Maeso J, Homung 
JP, Sibille E, Underwood M, Itohara S, Dauer WT, Ansorge MS, 
Morelli E, Mann JJ, Toth M, Aghajanian G, Sealfon SC, Hen R, 
Gingrich JA (2006) Cortical 5-HT2A receptor signaling modulates 
anxiety-like behaviors in mice. Science 313:536-540 
Wheatstone C (1838) On some remarkable, and hitherto unobserved, 
phenomena of binocular vision. Philos Trans R Soc Lond 
128:371-394 

Wilson H (2004) Rivalry and perceptual oscillations: a dynamical 
synthesis. In: Alais D, Blake R (eds) Binocular rivalry. MIT 
Press, Cambridge 

Wilson HR, Blake R, Lee SH (2001) Dynamics of travelling waves in 
visual perception. Nature 412:907-910 
Wittmann M, Carter O, Hasler F, Cahn BR, Grimberg U, Spring P, 
Hell D, Flohr H, Vollenweider FX (2007) Effects of psilocybin 
on time perception and temporal control of behaviour in humans. 
J Psychopharmacol 21:50-64 

Wong DF, Lever JR, Hartig PR, Dannals RF, Villemagne V, Hoffman 
BJ, Wilson AA, Ravert HT, Links JM, Scheffel U et al (1987) 
Localization of serotonin 5-HT2 receptors in living human brain 
by positron emission tomography using Nl-([llC]-methyl)-2-Br- 
LSD. Synapse 1:393-398 


Springer 


